SUMMARY We determined absolute right and left ventricular volumes and cardiac output from the equilibrium radionuclide angiogram in 26 children, ages 3 months to 18 years, with diverse types of heart disease. We validated these results by comparing them with left ventricular (20 patients) and right ventricular (16 patients) cineangiographic volumes and cardiac output. Radionuclide volumes and cardiac outputs were determined in two ways: by a geometric method (area-length for left ventricle, Simpson's rule for right ventricle) and by a count-based method (correcting ventricular regional counts for frame duration, acquisition time, venous blood counts and attenuation). Both methods for estimating left ventricular end-diastolic volume compared favorably with cineangiography (correlation coefficients greater than 0.90). The countbased method also corre-lated well for the right ventricle. End-systolic measurements were not possible. Count-based assessment of cardiac output also correlated well with cineangiographic values. We conclude that right and left ventricular volumes and cardiac output can be reliably measured in children with equilibrium radionuclide ventriculography.
EQUILIBRIUM radionuclide ventriculography is a useful noninvasive method for assessing ventricular volumes and cardiac output. Although use of this tech--nique to determine left ventricular volumes and outputs has been validated in adults,'-10 it has not been investigated in children. Several investigators have attempted to validate the radionuclide determination of the right ventricular ejection fraction,1' 13 but only Hooper et al. 14 examined right ventricular volumes by this technique. For these reasons, we now report our experience with the radionuclide determination of right and left ventricular volumes and outputs in children. We determined volumes from radionuclide studies using a count-based method" and a geometric method7-10 and compared the results with cineangiographically determined volumes and cardiac outputs.
Materials and Methods
Between January 1981 and June 1981, we performed radionuclide ventriculography in 26 children, ages 3 months to 18 years (mean 8 years), within 1 week of diagnostic cardiac catheterization. The patients had diverse types of heart disease (table 1) . In- formed consent was obtained before the radionuclide studies were performed.
Multiple-gated equilibrium radionuclide studies were performed at rest with the patients supine. Red blood cells were labeled in vivo with technetium99m;'5 the adult dose of 20 mCi was adjusted downward for children based on their body surface area. 16 The cardiac blood pool was imaged with a single-crystal mobile gamma camera (Picker Dyna-Mo) interfaced to a dedicated GAMMA-lI computer system (Digital Equipment Corporation). We used either an all-purpose or a high-resolution collimator. The camera head was oriented to maximize ventricular separation. This was usually accomplished with a 30-80' left anterior oblique orientation with 10(15°of caudal tilt.
The cardiac blood pool was imaged for 5 minutes; 1-2 million total counts were obtained. We used 40-msec frame durations for heart rates less than 100 beats/min and 30-msec frame durations for rates greater than 100 beats/min. Within 15 minutes of completing the left anterior oblique collection, 5 ml of blood were withdrawn in a standard 6-ml syringe, and placed directly on the camera head with the collimator still in place. The activity in the syringe was counted for 10 minutes to estimate red blood cell labeling (counts/ml/ sec).
To correct ventricular activity for attenuation by the chest wall, the thickness of the chest wall must be assessed. A 5-minute collection was obtained with the camera head in the 300 right anterior oblique position. A 5-cm lead marker was placed in the field of view for distance calibration, and a technetium marker was placed on the patient's chest at the cardiac apex. Then, the chest wall thickness (cm) was estimated by measuring the distance from the midportion of the cardiac silhouette to the point source on the patient's chest wall. No angular correction was made. However, because of inherent inaccuracies in this method, we simplified our protocol by eliminating this determination. Figure 1 displays the linear correlation between the patient's body surface area and chest wall thickness measured from the radionuclide image (r = 0.93). The patients used for this correlation weighed 6-69 kg (0.36-1.9 m2). We used the equation from this linear relationship (y = 3.7x + 3.6) to determine an assumed chest wall thickness for each patient. We then recalculated our ventricular volumes using the assumed chest wall thickness in the attenuation correction. All radionuclide studies were analyzed to obtain right and left ventricular volumes. A method similar to that described by Maddahi et al. "' was used. The right and left ventricular regions were outlined by hand at end-diastole and end-systole using a joystick on a 64 x 64-pixel matrix ( fig. 2 ). Since the limit of the left ventricular ouflow tract may be the most difficult portion of this region to identify, the superior lateral portion of the region was connected by a straight line to the most superiorly visualized portion of the ventricular septum ( fig. 2, line ab) . The right ventricular medial and lateral borders were easily identified in a similar fashion. Two segments of the right ventricular region may be more difficult to define: the right ventricular outflow tract and the right ventricular-right atrial border. For purposes of standardization, the right ventricular outflow tract was identified at the same tiplied by an attenuation coefficient (g). The ventricular volume was then multiplied by the exponential of this number. We assumed the attenuation coefficient to be equal to 0.1.18 End-diastolic volume (left anterior oblique projection) of both ventricles was estimated geometrically. End-systolic volumes were not determined geometrically because of the difficulties in accurately determining the end-systolic shape. The image size was calibrated with phantom grids before the ventricular volumes were determined. The following area-length formula was used to calculate left ventricular end-diastolic volume19:
3 ( x longest axis) (3) Simpson's rule was used to estimate right ventricular volume. 16 The right venticular region is divided into slices, and the volume of each slice is calculated. Insofar as only one projection is used, the slice width on the orthogonal view was assumed to be equal to the width on the left anterior oblique view.
The cardiac output of each chamber was calculated from geometric and count-based volumes using the formula EDV x EF x HR (4) where EDV = end-diastolic volume, EF -ejection fraction, and HR = heart rate. In this calculation, ejection fraction is determined from end-diastolic and end-systolic images using the formula
EDC-BK where EDC = end-diastolic counts, ESC -end-systolic counts, and BK = background counts. Heart rate is taken as the average rate during the radionuclide collection. From cineangiograms, right and left ventricular volumes were calculated using published methods. Volumes were calculated from biplane images for all patients, using the area-length method for the left ventricle20 and Simpson's rule for the right ventricle.2' Twenty-five of 26 patients underwent left ventricular angiography within 1 week of radionuclide study. One patient was excluded from the radionuclide-cineangiographic comparison because the cineangiogram was inadequate and one was eliminated because the red blood cell labeling was inadequate; thus, 23 
Results
The results of our intraobserver and interobserver correlations for both count-based and geometric determinations of ventricular volumes are presented in table 2. The count-based volumes were determined with a correction for attenuation (formula 2) and an assumed chest wall thickness. The left ventricular end-diastolic volumes calculated by the count-based method correlated well for both intraobserver and interobserver determinations, with correlation coefficient of 0.99 and mean absolute differences between observations (expressed as a percentage of observer 1's first observation) of 2.6% (intraobserver) and 8.7% (interobserver). In addition, the left ventricular end-diastolic volumes calculated by the geometric method correlated well, with correlation coefficients of 0.99 and mean absolute differences between observations of 12.3% (intraobserver) and 7.9% (interobserver).
Determinations of right ventricular end-diastolic volumes were slightly less consistent. Although all correlation coefficients were 0.99, there were mean absolute differences for intraobserver determinations of 14.8% (count-based method) and 16.9% (geometric method). The interobserver differences were also slightly larger, i.e., mean absolute differences of 11% (count-based method) and 21.9% (geometric method). figure 4 .
We also compared left ventricular outputs determined by the radionuclide technique with cineangiographic outputs (table 4) iables of heart rate and ejection fraction were introduced, cardiac output determinations compared favorably for the left ventricle by both the geometric method (r = 0.87) and the count-based method (r 0.87). Table 5 summarizes the results of the radionuclidecineangiographic comparisons for the right ventricle. Correlations of end-diastolic volumes were excellent for the count-based method both with and without attenuation correction (with attenuation correction r = 0.95). For the geometric method, the correlation coefficient was slightly lower (r = 0.87). Figure 5 displays the radionuclide-cineangiographic correlation for the right ventricle at end-diastole using the count-based radionuclide technique. The mean absolute difference between the count-based estimate of right ventricular volume and the cineangiographic right ventricular volumes was 30 + 4%. This compares to an absolute difference between geometric determinations of radionuclide volumes of 34 ± 6%. The geometric end-diastolic comparisons are shown in figure 6 . We also compared right ventricular outputs determined by the radionuclide technique to cineangiographic outputs (table 4). The correlation coefficients for the right ventricle were lower than those for the left ventricle; the geometric method showed the poorest correlation coefficient (r = 0.65). The correlation coefficient for the count-based method was slightly higher (r = 0.79).
The effect of variable red blood cell labeling on our radionuclide-cineangiographic correlation was examined (table 6 ). On average, our patients' blood samples showed a mean activity of 25 + 3 counts/ml/sec. The radionuclide-cineangiographic ventricular volume correlations in our patients with blood counts less than 25 counts/ml/sec were 0.93 for the left ventricle and 0.97 for the right ventricle. In contrast, patients with blood counts B? 25 counts/ml/sec had correlation coeffi- cients of 0.97 for the left ventricle and 0.85 for the right ventricle. Patient size may be an important determinant of the accuracy of radionuclide volume determinations. The mean weight of our patients was 27 ± 4 kg. Table 7 displays the radionuclide-cineangiographic volume correlations for patients weighing less than 27 kg and for those weighing 27 kg or more. The correlation coefficients are excellent for patients of all sizes. For the smaller children, the count-based radionuclide method yielded correlation coefficients of 0.97 for the left ventricle and 0.90 for the right ventricle. For the larger children, the correlation coefficients were 0.88 for the left ventricle and 0.92 for the right ventricle.
Finally, we assessed the effect of changing from a high-resolution to a medium-resolution collimator in six patients in whom excellent radionuclide images were obtained. Each patient was imaged first with the high-resolution collimator and immediately thereafter with the medium-resolution (all-purpose) collimator. A venous blood sample was counted on each collimator. For estimation of left ventricular volumes, the mean difference between collimators was 1 .9 ± 13.0% (± SD). For the right ventricle, the difference was 2.6 + 12.4%. In both instances, the mediumresolution collimator gave a slightly higher estimate of ventricular volume.
Discussion
Evaluation of ventricular volumes is extremely useful in the assessment of children with heart disease. 23 However, validation of a noninvasive technique for determination of right and left ventricular volumes has not been reported.
Radionuclide assessment of left ventricular ejection fraction has been validated in adults by several groups. However, radionuclide determination of right ventricular ejection fractions has seldom been evaluated by cineangiographic correlations. Steele of 0.96. More important, they found that no regression equation was needed to predict cineangiographic measures. For our attenuation correction, we assumed an attenuation coefficient for the chest wall of 0.1,18 although the actual attenuation coefficient may vary depending on the amount of scattered photons (Compton effect) counted in the spectrometer window. We also measured the distance from the midportion of the cardiac silhouette to the chest wall rather than attempting to identify the midportion of the ventricular activity. This introduces a potential error due to varying distances of portions of each ventricle from the chest wall.
Changing collimators may affect ventricular volume estimates. We tested this hypothesis in six children and found only a very small difference between mediumand high-resolution collimators. This small difference may be accounted for entirely by intraobserver variability.
Despite reservations about the count-based determination of ventricular volume, we found excellent radionuclide-cineangiographic correlations. As expected, the correlation coefficient was significantly higher for the left ventricle at end-diastole when we corrected for attenuation (r = 0.94) than when we did not (r 0.86). For the right ventricle at end-diastole, attenuation correction made little difference in the correlation coefficient (r = 0.93 with correction; r = 0.94 without). The chest wall thickness could be estimated from the body surface area without deterioration in the resulting correlation coefficients. Even with attenuation correction, however, the count-based method slightly overestimated right ventricular end-diastolic volumes and underestimated left ventricular end-diastolic volumes compared with the cineangiographic determinations. We found little change in our radionuclidecineangiographic correlations in our younger patients or in our patients with less blood activity (tables 6 and 7).
Extrapolation of cardiac output from the radionuclide ventricular volumes provides additional valuable information. For this calculation, the "geometrically" determined cardiac output actually includes a geometric end-diastole volume multiplied by a count-derived ejection fraction. Despite this mixing of methods, and the potential error introduced by heart rate variability, radionuclide cardiac outputs correlated well with cineangiographic outputs for the left ventricle (r = 0.87).
For the right ventricle, the correlation coefficient was much lower for both methods (geometric, r = 0.65; count-based, r = 0.79). 
